Abstract-Miniaturized electrochemical pH sensors are increasingly in demand for applications such as online monitoring of water quality and health monitoring. The metal oxides are the best candidates for sensing electrodes of such sensors as they offer high chemical stability. In this paper, we present a novel approach to obtain interdigitated conductimetric pH sensor using screen printing of TiO 2 thick film on an alumina substrate. The microstructural and crystalline properties of the TiO 2 sensitive film were examined with scanning electron microscopy and Raman spectroscopy. The impedance spectroscopic studies of the fabricated thick film sensor were carried out in the frequency range of 5-20 kHz for the test solutions in the pH range of 4-10 and it was observed that the impedance of the film is distinctly dependent on pH. Using the measured impedance data, we have also proposed an equivalent RC network model for the fabricated pH sensor. The physical meaning of the model parameters was determined by electrochemical impedance spectroscopic analysis, and through statistical analysis it was found that all parameters are distinctly pH-dependent.
reduced level of maintenance and long lifetime. A range of electrochemical and non-electrochemical methods have been explored for pH measurement [8] [9] [10] . Among these the glass electrode based pH sensor has been the most attractive and reliable [8] [9] [10] [11] . However, the lack of applicability of the existing solutions in environments that are corrosion prone, or have high temperature and high pressure conditions is a limitation, which provides a strong motivation to develop new pH sensors. In this regard, the metal oxide based pH sensors are attractive as they offer a number of potential advantages over glass electrode pH sensors, including low-cost, smaller dimensions and ease of fabrication.
A few metal oxides based pH sensors and their deposition techniques have been reported in literature [9] , [10] . The major works that have been carried out so far include metal oxides such as RuO 2 , IrO 2 , SnO 2 , etc. as pH sensitive electrode. The poor cost-effectiveness of RuO 2 and IrO 2 based sensors [12] , [13] , low resistance of RuO 2 in alkaline solutions (which affect their lifetime) [12] , [13] , and buffer on the conductance in SnO 2 based conductimetric pH sensor [14] , etc. are some of the disadvantages of sensors based on the above metal oxides. Further, many metal oxides based sensors working on potentiometric principle require a compatible reference electrode for miniaturization of the device [8] , [15] . This is not needed in case of interdigitated electrodes (IDE) based pH sensors.
Due to high chemical stability, the TiO 2 based films are considered good for pH sensitive layers and a few studies concerning TiO 2 as a pH sensing layer have been reported as well [16] , [17] . The major studies concerning TiO 2 based pH sensors include their use in ion sensitive field effect transistor (ISFET) and extended gate field effect transistor (EGFET) [18] , [19] . However, in such realizations the sensors exhibited low sensitivity due to the intrinsic properties of TiO 2 films. Another disadvantage was that the reported sensors also required a reference electrode to operate. For these reasons, the pH sensors using metallic ion (Ru) doped TiO 2 or surface modification of the material by using TiO 2 nanotubes (NTs) or nanowires (NWs) were also proposed [17] , [19] . The nanostructured surface array significantly increases the electrode surface area, which increases the number of adsorption sites for H 3 O + ions and hence increases the pH sensitivity [17] . One example is the conductimetric pH sensor developed by Chen et al. [17] , which is based on TiO 2 /multiwall carbon nanotube (MWCNT)/cellulose hybrid nanocomposite. The fabricated sensor exhibited sensitivity in the pH range of 1−12. A large surface area of cellulose hybrid nanocomposite helps improve the pH sensitivity [17] .
Advancing the state of the art, in this work we report our approach towards realizing portable, low-cost microcontroller-based pH monitoring system. We have designed, fabricated and characterized the IDE based pH sensor on TiO 2 thick film. We have also designed an impedance measurement system based on the integrated circuit AD5933 [20] [21] [22] which can be used for sensor impedance characterization as well as sensor readout electronics as a part of the pH measurement system. The measured complex impedance data were theoretically analyzed with an electrical equivalent circuit model of the sensor. This paper is organized as follows: Section II describes the fabrication steps of the sensor and the measurement system. In Section III, the structural properties of the film, the EIS analysis of the sensor with equivalent circuit model and the transfer function of the sensor in polynomial form are presented. Finally, the main results are summarized and directions of future work are discussed in the concluding Section IV.
II. EXPERIMENTAL A. Sensor Fabrication
The TiO 2 based conductimetric IDE pH sensor was fabricated using thick film technology. The fabrication procedure of the conductimetric pH was similar to that reported in [2] and [23] . We chose alumina as a substrate to investigate the performance of pure metal oxide and to avoid any reaction at metal-metal oxide interface. Initially, a planar IDE was deposited on an alumina substrate by screen printing of Ag paste (Ag/Pd ESL 9695). Screen printing of metal paste is interesting as it is a faster way of fabricating devices at low cost and is close to the manufacturing [24] . The electrode pattern consists of 0.5 mm wide and 10 mm long fingers with 0.5 mm distance between the adjacent fingers. The conducting layer was dried at 120°C for 20 min, and then the IDE structure was annealed at 850°C for 30 min. Subsequently, the TiO 2 sensitive layer was printed on top of the IDE using screen printing. Dimensions of the sensitive rectangular layer are 17 x 13 mm 2 . The TiO 2 paste for the sensitive film was prepared by mixing TiO 2 powder (99.8%, Aldrich) in ethyl cellulose binder and terpineol solvent in an agate mortar for 1 h. The sensitive layer was dried at 120°C for 20 min for solvent evaporation. The schematic image of the fabricated conductimetric pH sensor is shown in Fig. 1a .
The major advantages of the fabricated IDE pH sensor, compared to other reported approaches in the literature are: faster and low-cost of fabrication, lack of reference electrode, large surface area and low power consumption during measurement. In addition, the screen printing technology could open avenues for realizing the pH sensors in conjunction with electronics on flexible substrates [24] .
B. Impedance Measurement System
The AD5933-based impedance measurement system reported earlier [20] [21] [22] was used in this work for sensor characterization. The developed system can be battery powered, should portable and autonomous operation is needed for in-situ measurements. The main features of this system are maximum relative error of 2 %, low cost, small dimensions, and optional full standalone operability. Amplitude of the output AC voltage can be selected as one from four options: 200, 400, 1000 and 2000 mV. The output signal is DC-free to prevent electrode polarization effect, which is very important in impedance spectroscopy. The system includes a thin film transistor (TFT) display, an embedded keypad, an SD card for data storage, as well as Personal Computer (PC) software (Fig.1b and 1c) . Moreover, the device has self-calibration system and implemented algorithm for auto-ranging in impedance measurement. Thus, no additional components nor manual range switching are required during the measurement which ensures rapid and automated operation. Analog front electronics for signal conditioning was developed in such a way that the presented system operates in two-electrode mode.
C. Measurements
The surface morphology and cross-sectional microstructure of TiO 2 films on alumina substrate were inspected by using scanning electron microscopy (SEM) (FEI Nova Nano, SEM 200, USA). The crystal structure of the prepared TiO 2 film was confirmed by using Raman spectroscopy. The Thermo Fisher DXR Raman microscope (USA) which had a diode-pumped solid-state (DPSS) laser with a wavelength of 532 nm, power level of 9 mW and the exposure time of 30 s was used for the film characterization. Fig. 1c shows the experimental set-up for impedance spectroscopic analysis of the sensor. The sample under test was connected to the measurement device and placed into a beaker with a solution. The fabricated sensor is proposed for water pollution monitoring, with expected operating pH range from 6 to 9, thus test solutions with pH ranging from 4 to 10 were prepared by adding 1 mol% of HCl or KOH to distilled water. A standard glass electrode pH and conductivity meter (ELMEIRON, CPC-411) with temperature probe, was applied to control the pH level of test solutions and to confirm the conductivity value of each pH test solution. The sensor was washed with deionized water and dried with paper towel after each measurement to reduce the contamination of the electrode surface by the solution with different pH. The impedance measurement device was connected with PC, so the developed C# application was used for acquisition of measurement data. All measurements were done at room temperature with liquid temperature close to the 23°C. To measure the electrical parameters of the TiO 2 films at different pH values, the sensor was dipped in the solution for 10 min prior to operating to ensure stabilization. The impedance measurement was done by performing frequency sweep in range of 5−20 kHz with AC voltage of 200 mV. The lowest amplitude of test signal was chosen to avoid excessive perturbation of the sample. With laboratory impedance measurement devices, usually it is possible to obtain impedance data in very wide frequency range, starting from few mHz to range of MHz. Such experimental data can provide more information about sensor behavior, but the limitations of the developed impedance measurement device did not allow us to measure a wide frequency range. However, this is not an issue for this work as the main purpose here was to examine properties of the fabricated sensor in the frequency range in which reliable in-situ measurements can be performed with the developed AD5933-based readout electronics. The obtained complex impedance data was analyzed with the equivalent circuit developed with Multiple EIS Parameterization (MEISP) software [25] . Fig. 2 shows the microstructure of TiO 2 thick film on an alumina substrate. The cross-sectional SEM image of the film is presented in Fig. 2a . The compatibility of this layer with the alumina substrate is very good. From Fig 2, it may be noted that the thickness of the screen printed film is nearly 7 μm. The TiO 2 thick film obtained in this work is homogeneous, with smooth surface, nanometric pores and grain sizes ranging from 180 to 225 nm (Fig. 2b) . Fig. 3 shows the Raman spectrum of TiO 2 thick film intered at 800°C on an alumina substrate. The higher annealing temperature is used in this work as at these temperatures the concentration of defects (O − and Ti vacancies) in the TiO 2 films is reduced. Further, high temperature annealing results in large rutile grains [26] . In general, TiO 2 belongs to a rutile, anatase and brookite crystal structure [27] . The Raman spectra obtained for the thick film shows rutile and anatase spectral features of TiO 2 [28] . TiO 2 rutile structure belongs to the tetragonal crystal system. The peak observed at 143 cm −1 represents E g anatase mode. However, for the rutile structure the doubly degenerate mode E g was observed at a peak position of 448 cm −1 . In this peak position at 448 cm −1 and 610 cm −1 are very intense. Peak position at 610 cm −1 represents the symmetric mode A 1g . A broad peak is observed at 232 cm −1 and it may be due to the infra-red active doubly degenerate mode of species E u [28] . It is reported in literature that the E g peak related to anatase phase of TiO 2 at 450°C and its intensity are high as compared to other peaks [28] . However, in our study the relative intensity of both E g peaks and other peaks increases as a result of higher annealing temperature (800°C). This closely matches with similar observations in the literature [29] , [30] . The presence of the anatase phase and the absence of the rutile phase for films annealed up to 700°C is known from previous studies [30] . But for the films annealed at 800−1000°C the diffraction pattern shows peaks of both anatase and rutile reflections [30] . The increase in the intensities of all peaks in Raman patterns with annealing temperature also confirming improvement in the crystallinity of the films [30] .
III. RESULTS AND DISCUSSION

A. Structural Analysis
B. Impedance Spectroscopic Analysis of the Sensor
The sensing performance of the TiO 2 based conductimetric pH sensor was tested by immersing the sensor in a solution with known pH. In an impedancemetric and/or conductimetric based sensor, any changes that occur on the surface of the sensitive electrode while reacting with the solution influence the electrical properties of the sensor [2] , [14] , [23] , [31] . we see decrease in the impedance and increase in phase as the frequency increases. These changes in impedance and phase of TiO 2 based sensor can be attributed to electrochemical surface reaction of H + /OH − ions with the oxide surface. When a metal oxide is introduced into an electrolyte, many electrochemical reactions occur at the oxide-solution surface [2] , [23] . In the case of TiO 2 , the dissociative chemisorption of water molecule results in the formation of surface hydroxyl group [15] . Due to adsorption/diffusion of H + /OH − ions the surface of TiO 2 becomes charged and it creates an electrical double layer structure by site binding theory [23] , [32] . With changes in the pH of a solution the contribution of both H + and OH − ions also varies. In an IDE based structure, the applied potential and the conductivity of solution have strong influence on the electrical parameters and sensitivity.
From Fig. 4 , it can be noted that the impedance is lower when the sensor is in a solution of a higher pH. Variations in the solution resistance with different pH values contribute to the changes in impedance of the sensor. The observed dependence is mainly caused by a lower resistance of the applied alkaline solutions as compared with the acidic solutions. The variation in impedance with frequency can be attributed to the effect of intercrystalline capacitance [14] . In the kHz-range, this value is sufficient for short-circuiting the spaces between the grains, and hence can reduce the resistance of sensor [14] . More detailed information regarding the complex impedance of the sensor can be observed by using a Nyquist plot. The Nyquist plot displays the imaginary part (Z i mag) versus the real part (Z real ) of an impedance as a function of the frequency [33] . The Nyquist plot for the analyzed TiO 2 based pH sensor is shown in Fig. 6 . The observed behavior of the sensor from the Nyquist plot in analyzed frequency range, was discussed in more details in Section III.C, but a large incomplete arc in the Nyquist plot is possibly due to charge transfer and ion exchange at the surface of the material while reacting with ions in the solution [14] , [23] , [31] .
The variation of the electrical parameters and pH sensitivity also depends on the microstructural properties of the material such as porosity, thickness, composition, crystalline structure and homogeneity of the surface [2] , [23] , [31] . In particular, the porosity of the sensing electrode plays a significant role in defining the sensing performance. The SEM analysis of TiO 2 thick film (Fig. 2) shows that it is porous, which means the ions from the solution can easily penetrate into the layer and react with metal oxide molecules at the grain boundaries. If an intermediate step of electrochemical reaction exhibits strong adsorption/diffusion to the electrode surface, a high-frequency impedance of electrochemical double layer can be expressed by electrical equivalent circuit presented in Fig. 7 , as proposed in [34] and [35] .
A similar equivalent circuit model was described in our previous RuO 2 based thick film pH sensor [23] . The physical meaning of the parameters of the proposed equivalent electrical circuit are as follows: R s represents solution resistance, R c t, is charge transfer resistance, C dl is double layer capacitance, R a is resistance associated with activation energy of the adsorption/desorption and C a is associated with maximal amount of adsorbed specie. Impedance of this RC network (Fig. 7) , at some angular frequency ω [rad/s], is:
In the present study, the parameters of the equivalent circuit, R s , R c t, C dl , R a and C a , are estimated with data fitting in MEISP software and are presented in Table I .
The estimated values for model parameters were used for impedance calculation using Equation (1) in the frequency range of 5−20 kHz. After that, the viability of the proposed model was evaluated by means of Root Mean Square Error (RMSE) calculation for calculated real and imaginary parts of impedance, compared to the measured values.
In Table II , the obtained RMSE values for all pH values are presented. From the obtained results, it can be noticed that all fittings results in RMSE value lower than 5 . Moreover, it can be seen that RMSE values slightly decrease with the increase of the pH value.
As mentioned above, in the equivalent circuit, R s represents the solution resistance, which depends on the conductivity of the pH solution. When preparing the pH solution, it was observed that while varying the pH value from 4 to 10 the conductivity of the solution increases as shown in Fig. 8 . It was measured by a commercial conductivity meter (ELMEIRON, CPC-411). A similar result is observed in the equivalent circuit analysis. The value of R s decreases with increasing alkaline nature of the solution as shown in Table I .
The charge transfer resistance (R ct ) depends on surface properties of sensing material, pH value, and conductivity of the solution. In general, the R ct is associated with the resistance to process of electron transfer from electrode to electrolyte and vice versa. It can be seen from Table I , that the value of R ct increases with the pH value.
Hence, in the analyzed frequency range, R ct and R s play an intensive role in the sensor response. Compared to our previous study for a RuO 2 based sensor [23] , the values of R ct and R s are higher in magnitude for TiO 2 based sensor. In addition to this, for RuO 2 based sensor, the highest pH value of R ct was 6, however, for this TiO 2 based sensor, the highest pH value was observed to be 8. It may be due to different surface properties of the material.
In the equivalent circuitC dl represents the double-layer capacitance and the generated capacitance C a is due to adsorption or diffusion of ions at oxide-solution interface. The capacitance C dl exists on the interface between an electrode and surrounding electrolyte. When a metal oxide is immersed in the solution, the double layer is formed because some ions from the solution diffuse onto the electrode surface. The value of C dl may depend on variables such as electrode potential, temperature, ionic concentrations, types of ions, oxide layers, electrode roughness, and impurity adsorption, etc. [23] . The capacitance C a depends on the activation energy due to ionic exchange from solution at the metal oxide surface. For IDE TiO 2 based pH sensor in the analyzed frequency range, the impedance parameters R a (adsorption resistance) and C a may be related to adsorption/diffusion of ions at the oxide surfacesolution interface. Meanwhile, R ct and C dl are assigned to the charge transfer process. Hence, a mixed ionic and electronic conduction is responsible for the observed behavior of TiO 2 based interdigitated pH sensor.
To get more information about the relationship between model parameters and pH value of the solution, a statistical analysis was conducted. Two of the most common used statistical parameters are the Pearson correlation coefficient (r ) and the coefficient of determination (r 2 ). The calculated values for Pearson correlation coefficients and coefficients of determination showed that the parameter that best correlates with pH is R s (r = −0.996). A strong correlation can be found for R ct as well (r = 0.847), while for R a , C dl and C a , correlation is weaker but still relatively strong (r = 0.6 − 0.7). Thus, it can be noticed that the charge transfer and ion exchange are two dominant phenomena for the sensing performances of the IDE TiO 2 pH sensor. Moreover, it was found that all model parameters are distinctly pH-dependent.
We have also analyzed the effect of each parameter of the equivalent circuit on the overall impedance of sensor. This was done by analyzing the proposed equivalent electric circuit (Fig. 7) and the model parameters presented in Table I . In the analyzed frequency range, the impedance of a parallel connection of R a and C a is dominantly defined by C a due to the fact that, even at low frequencies, the impedance magnitude of C a is much lower than R a . This can be treated as C a short-circuiting the R a . This effect is larger at higher frequencies and it occurs for each pH value. Thus, the upper branch of the equivalent electric circuit can be approximately considered as a series of R ct and C a . By direct comparison of the impedances at each pH value, it can be seen that R ct has higher value even in the low frequency regime. Thus, the equivalent circuit (Fig. 7) can be simplified as a R s in series with parallel connected R ct and C dl . From Table I , it can be seen that R s decreases with increase in pH value while R ct increases. However, the influence of R ct is diminished at higher frequencies by C dl and this effect is larger for higher pH values. This observation correlates very well with Fig. 5 from which can be seen that the phase angle of the equivalent circuit decreases with increase in the pH, thus clearly manifesting the capacitive behavior.
C. Transfer Function of the Sensor in Polynomial Form
Towards the implementation of portable and autonomous microcontroller-based system for remote pH monitoring, the transfer function of the sensor in polynomial form is needed. This approach ensures simple implementation where polynomial curve fitting coefficients can be stored in memory of the microcontroller as a look-up table.
To obtain the sensor's transfer function in such form, it is required to have a relationship between the magnitude, phase angle, real or imaginary part of the impedance of the sample with pH value for fixed frequency. However, the use of impedance magnitude, |Z |, offers advantage over the use of the impedance phase angle because a phase detector is not required, which can significantly reduce the complexity of the measurement device. Thus, the impedance magnitudes of the fabricated sample versus pH value for six different frequencies (5, 8.8, 12.6, 16 .4 and 20.2 kHz) are plotted in Fig. 9 . These values were chosen to ensure linear distribution in the analyzed frequency range.
With this data, a polynomial curve fitting can be used to obtain the transfer function of the sensor, pH(|Z|):
where |Z| is impedance magnitude of the sensor, n is order of polynomial and p i (i =1..n+1) are polynomial curve fitting coefficients.
For pH range from 4 to 10 it is necessary to have 6 th order polynomial. With this high order polynomial, the error is usually very small and theoretically it should be zero. The disadvantage of this approach is that a complex mathematical operation is required for pH computation. The order of the polynomial can be lower, but that will introduce error in pH measurement. The advantage of this approach is that the complexity of pH computation procedure is reduced and it is less time consuming. In Table III , a 3 rd order polynomial curve fitting coefficients for the used test frequencies are given. Relative errors in pH estimation with the 3 rd order polynomial approximation of the sensor transfer function are presented in Fig. 10 .
Compared to modeling of sensor with equivalent electrical circuit the advantage of our approach where transfer function of sensor is presented in polynomial form, is easy realization of portable and autonomous microcontroller-based system for remote pH monitoring. Moreover, pH value of unknown solution can be obtained. However, the disadvantage is that there is no information about physical processes occurring at the sensor-solution interface.
IV. CONCLUSION
In this work, a thick film interdigitated TiO 2 based conductimetric pH sensor has been presented. The impedance measurement system, developed with integrated circuit AD5933, was used for impedance characterization of the sensor in frequency range of 5−20 kHz. The device is designed to enable portable and autonomous operation for in-situ measurements as well as laboratory characterization of the sample. The obtained results showed that both, impedance magnitude and phase angle, are frequency-and pH-dependent.
The SEM image showed the nanocrystaline structure (grain size in the range of 160 to 230 nm) of the sensitive film. The crystalline structure of the TiO 2 film observed using Raman spectroscopy revealed the presence of both anatase and rutile structure. The impedance spectroscopy analysis shows that the electrical parameters of the sensor are strongly dependent on the pH of solution in the low frequency range. The obtained complex impedance data of the sensor were also analyzed with RC equivalent circuit and it was observed that charge transfer and ion exchange are the two dominant phenomena for the sensing performances of an interdigitated TiO 2 pH sensor.
As a future work we are working towards fabricating the pH sensor on a flexible substrate by using nanostructured powder of TiO 2. This will address the needs for chemical sensors in wearable devices for healthcare applications. A major challenge for TiO 2 based pH sensor on flexible substrates will be posed by the high-temperature processing requirements, especially for the thick film technology presented here. We aim to use transfer printing method to overcome such challenges. We have successfully used transfer printing method to overcome the similar thermal budget issue in case of silicon based flexible electronics [36] [37] [38] . In addition to this we will also miniaturize the LCR meter for portable online monitoring applications over a wide range of frequencies.
